Introduction
The Centre for Metrology and Accreditation (MIKES) and National Institute of Metrology, 
Form of the comparison
The pilot and link NMI i of the bilateral comparison is MIKES, while the linked NMI α is NIMT.
The comparison was carried out through calibrations of a group of three transfer standard lamps prepared by MIKES. The lamps were labeled as BN-9101-245, -257, and -313. After measurements at MIKES, the lamps were hand-carried to NIMT for calibration. After the calibration at NIMT, these lamps were hand-carried back to MIKES for repeat calibration to monitor possible drifts. The 
Comparison artifacts
Three 1000-W tungsten halogen lamps of FEL-type were used as transfer standards in the spectral irradiance comparison between MIKES and NIMT. These lamps consist of a double coiled tungsten filament supported at the top and bottom of the filament and operated in a halogen filled quartz envelope. These lamps were operated with a constant current of nominal value 8.1000 A. The voltage across the lamp terminals was between 105 and 110 V for all three lamps. The resulting color temperature was approximately 3200 K. During the measurements, the current and voltage of the lamp were monitored. The lamp was supported by a post with six degrees of freedom for angular and spatial alignments. Each lamp had its own alignment jig to be fixed to the lamp base when alignment is performed. The marked center of the alignment jig and the center of the detector/spectroradiometer entrance aperture defined the optical axis of the measurement with the help of a dual-beam alignment laser associated with the transfer standard lamps. The lamp calibration distance was measured with respect to the reference plane defined to be the front surface of the lamp base as shown in Fig. 1 . Figure 1 . Outline of the MIKES transfer standard lamp and base. Distance to the entrance aperture of a filter radiometer or of a spectroradiometer is measured from the front surface of the lamp base.
Measurements at MIKES
The realization of the spectral irradiance scale at MIKES is described in Refs. [1] [2] [3] with detailed uncertainty budgets. The scale is based on absolutely characterized filter radiometers that consist of a trap detector made of three silicon photodiodes, interchangeable filters, and a precision aperture.
The characterization of the filter radiometers is described in Refs. [2] and [3] .
The calibration measurements at MIKES consist of recording the photocurrent signals of the filter radiometer with 15 filters of different peak transmission wavelengths. The lamp and the filter radiometer were aligned perpendicular to the optical axis using the dual-beam laser and reflections from the filter and the lamp alignment jig. The distance between the reference plane of the lamp and the aperture plane of the movable filter radiometer was set to 500.0 mm within 0.1 mm standard uncertainty by using an interferometrically calibrated magnetic displacement sensor on the measurement rail (see also Fig. 1 ). The standard uncertainty of the lamp current setting is 0.4 mA. One baffle with 10-cm diameter opening was placed in the middle between the lamp and the filter radiometer in order to reduce the effect of stray light.
Measurements at NIMT
The spectral irradiance scale at NIMT is traceable to the National Metrology Institute of Japan (NMIJ). Three NIMT primary standard lamps made by Ushio, Japan, (model JPD-100V-500WCS) were calibrated by NMIJ in constant voltage mode during the period from December 2006 to January 2007. These lamps have horizontal filaments and they are operated with a voltage of about 93 V. In the comparison measurements, the spectral irradiance of the MIKES transfer standard lamps was determined in terms of the spectral irradiance of the NIMT primary standard lamps by using the spectroradiometer setup outlined in Fig. 2 . The spectroradiometer is made by Bunkoh-Keiki, Japan. The main modules are a double subtractive monochromator and a detector housing which contains five different detectors.
The photomultiplier tube R374 (Hamamatsu Photonics) and silicon photodiode S3477-04 (Hamamatsu Photonics) were used for the comparison measurements in the wavelength ranges 290-400 nm and 450-900 nm, respectively. The bandwidth of the spectroradiometer was 4.8 nm for both cases. Three different cut-off filters were used for the wavelength ranges 290-380 nm, 390-650 nm, and 700-900 nm.
The measurements were composed of two steps. The first step was to transfer the scale from the three NIMT primary standard lamps into two NIMT reference lamps. This step was done by placing the NIMT primary standard lamp and the NIMT reference lamp on the opposite sides of the spectroradiometer entrance stage consisting of a rotating diffuser plate in the middle (see Fig. 2 ). A calibrated rafter square ruler was used for the alignment and in defining the optical axis.
The second step of the comparison measurements was to transfer the scale from the two NIMT reference lamps to the three MIKES transfer standard lamps. In this step, the NIMT primary standard lamp was removed from the stage and replaced by the transfer standard lamp.
Since the NIMT lamps and the MIKES lamps were of different type, the alignment procedure was slightly modified for the MIKES lamps. The optical axis of the measurement was defined by the NIMT alignment laser which was used to transfer the position of the optical axis to the dual-beam alignment laser. Each transfer standard lamp was then aligned perpendicular to the optical axis. The distance from the spectroradiometer entrance aperture was adjusted using a calibrated length rod.
No baffles were used between the MIKES lamps and the spectroradiometer entrance aperture, since stray light is minimized by absence of any large reflecting surfaces close to the lamps. Furthermore, the laboratory walls are painted matt black to reduce the effect of stray light.
The uncertainty budget for the NIMT calibration measurements is given in Table 1 The distance setting uncertainties of NIMT and MIKES lamps are based on rectangular uncertainty distributions of full widths 1 mm and 2 mm, respectively. A small systematic bias in the distance setting of the reference lamp would not affect the calibration of the MIKES lamp and thus the corresponding uncertainty component is not included in Table 1 . Only the reproducibility of the distance setting of the reference lamp matters, but this is already taken into account by the reproducibility components of Table 1 . The standard uncertainty of the primary standard lamp voltage setting is 3 mV and that of the transfer standard lamp current setting is 0.4 mA. The uncertainty component due to the wavelength scale of the spectroradiometer is calculated on the basis of the standard uncertainty between 0.1 nm and 2.5 nm depending on wavelength. The uncertainty due to ageing of the NIMT lamps is based on the recorded burn hours since the previous calibration and the measured [5] ageing rate of similar lamps in actual operating conditions. The full width of the rectangular probability distribution is taken as twice the applied correction, because there is not yet ageing data available for the NIMT lamps used. The combined standard uncertainty u α of NIMT measurements at the different comparison wavelengths is listed in Table 2 in the next section. In the measurements at MIKES, a baffle with 10-cm opening was used between the lamp and the filter radiometer, whereas NIMT used no baffle. The uncertainty component due to presence/absence of the stray-light reducing baffle was studied at the MIKES setup by auxiliary measurements without the baffle using 302 nm, 352 nm, 599 nm, and 902 nm band-pass filters. No systematic effect was found within the relative standard uncertainty of u bc = 0.17% resulting from the estimated rectangular probability distribution of 0.6% full width.
Columns two and three in Table 2 list the standard uncertainty u α of the NIMT measurements and the uncorrelated uncertainty u uc,i of MIKES measurements [1] , respectively. The standard uncertainty u b,i of the bilateral comparison in Table 2 consists of the uncertainty u bc and of the contribution from the link NMI uncorrelated uncertainty as shown in Eq. (A2). Uncertainty components such as the current and distance setting of the transfer standard lamps are included in the NIMT uncertainty budget. Table 2 , Eqs. (A1) and (A3) can be used to calculate the uncertainties of the degrees of equivalence of NIMT.
Results of the bilateral comparison
The NIMT and MIKES results of spectral irradiance for the three transfer standard lamps are listed in Appendix B. 
Conclusions
The NIMT spectral irradiance scale is traceable to NMIJ. The results of the bilateral comparison emphasize the importance of comparison measurements even in the case where an NMI takes traceability from another NMI. NIMT found a deviation at 450 nm wavelength which may indicate an unknown effect related to the change of the detector of the spectroradiometer close to that wavelength. At all other wavelengths, the NIMT results were acceptable within the uncertainty of the mutual degree of equivalence between NIMT and NMIJ. 
Appendix B. Measurement results of NIMT and MIKES
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